The measured cyclic voltammogram of a polyacetylene-coated electrode bathed in an electrolyte solution was simulated numerically for various scan rates. The model used accounts for a modified Butler-Volmer-type heterogeneous kinetics at the electrode surface including a lateral interaction term which effects the observed hysteresis behavior. Within the polymer an electron flux obeying Ohm's law as well as electrolyte diffusion and migration is considered and Poisson's equation holds for electroneutrality. Donnan partition kinetics describes the flux and potential at the interface between the polymer and diffusion layer. Electrolyte diffusion is considered in the diffusion layer.
Introduction
In 1977 it was shown by Shirakawa et al. that oxidation (also called doping) of polyacetylene (FA) enhances its electrical conductivity by many orders of magnitude and provides the polymer with metallic properties. 1 • 2 This conductivity behavior is common to the conducting polymers, which consist of electrochemically active 'IT-conjugated chains, and to which FA belongs (for a review on conducting polymers see Ref. 3 and reviews cited therein). Much effort has been invested in conducting polymers in order to develop a rechargeable polymer battery. Analyzing the cyclic voltammograms (CV) of conducting polymers is a commonly used method for investigating the electrochemical behavior and a considerable amount of work has been done in understanding these data.
The CV of FA given in Fig. 2 is typical for conducting polymers. It shows an anodic peak which is sharper than the cathodic one. With decreasing scan rates the peak separation between anodic and cathodic peaks approaches a quasi-reversible value Ａ ｬ ｅ ｾ Ｇ ＠ of 344m V In contrast to experimental findings, theoretical considerations predict that such polymer-modified electrodes should have mirrorsymmetric anodic and cathodic peaks with !lEi'= 0. 4 • 5 This means that the peak separation should approach zero with decreasing scan rates. The experimentally observed nonzero !lEi' was interpreted by some authors to result from sluggish kinetic parameters, 5 -10 but these interpretations necessarily lead to a !lEi' of zero at very low scan rates, which is in contrast to experimental observations. Heinze et al. 11 explained the peak separation at low scan rates as a consequence of a conformational change upon oxidation where the conformations have different standard potentials which cause a nonzero !lEi'· Although their simulations show peak separations in the quasi-reversible case, it was shown by Feldberg model must lead to a !lEi' of zero in contrast to Heinze's calculations. Our own numerical simulations support the conclusions of Feldberg and Rubinstein because in square schemes as proposed by Heinze the steady-state concentration profiles at a given potential are unique and independent of whether the scan is anodic or cathodic. As a consequence, !lEi' of such square scheme systems is zero. Laviron 4 .1 3 and more recently Feldberg and Rubinstein 12 explained the nonzero !lEi' in the CV of polymer-coated electrodes as a consequence of a hysteresis caused by strong lateral interactions between redox centers as manifested by S-shaped Frumkin-type adsorptions isotherms. 14 Hysteresis effects of CVs of adsorbed layers have also been interpreted in terms of S-shaped isotherms by Gileadi, 15 Laviron/ 6 and Sadkowski 17 (a review on CV of adsorbed layers is given by Laviron 18 ).
Another conspicuous feature in CVs of conducting polymers is what Feldberg" calls capacitive current. He explains the broad anodic tail on the high potential side of the CV as a capacitive charging which is proportional to the amount of oxidized polymer centers. In contrast to this interpretation Heinze et al. 19 concluded from their experiments that this anodic tail is mainly caused by faradaic current and attributed this shape behavior to a variation of redox state energies with a reasonable number of low lying degenerate states followed by redox states with increasingly higher energies. 11 Schlenoff et al. 20 estimated the amount of Feldberg's capacitive current and concluded that this can be neglected.
Due to the complexities mentioned above, the simulation of experimental CVs of conducting-polymer-coated electrodes is not an easy job and only a few works address this matter. Feldberg 5 published a simulated CV of polypyrrole using a small heterogeneous rate constant to get the observed peak separation !lEi'· Heinze's simulation of polypyrrole 11 with its problematic peak separation has been mentioned above. Yeu et al. 21 published another well- 22 presented a CV simulation of PA (film thickness of 0.04 em) where only the onset of the anodic peak could be measured without the peak itself. This is common for such thick PA films. Their simulation reflects this onset but their fit of the cathodic peak is rather poor.
In the following we present a model which simulates the scan rate dependent CV of PA and similar systems including hysteresis behavior. It calculates the time-dependent concentration and potential profiles through the polymer as a function of the linear electrode potential sweep and the current is given by a heterogeneous reaction modified in order to account for lateral interactions causing hysteresis and thereby a nonzero ｩ ｬ ｅ ｾ ｲ Ｎ ＠ To our knowledge, it is the first time-dependent CV simulation of a specific conducting polymer which accounts for hysteresis.
PA can be reduced and oxidized. We restrict our discussion to the oxidation of PAin a LiCl0 4 /PC solution (PC= propylene carbonate) which can be formulated as
where n denotes the degree of polymerization and y the oxidation level. The degree of polymerization of PA lies within 40 < n < 2800 corresponding to a molecular mass M of 500 < M < 36,000. 23 According to our restriction on the oxidation of neutral PAy is always positive. An oxidation level y of 1 would mean that each carbon is oxidized. PA cannot be oxidized to a higher oxidation level than 0.055 without exhibiting irreversible reactions. With an oxidation level of 0.055 about every 18th carbon is oxidized in the average.
Model Description
The one-dimensional model is based on a scheme (Fig. 1) consisting of an electrode, an attached polymer layer followed by a diffusion layer, and a bulk electrolyte. In the polymer layer we assume electron flux obeying Ohm's law and diffusion and migration for electrolyte ions. The electron flux density through the interface between electrode and polymer layer is described by heterogeneous kinetics. No double layer effect is included in this model because its effect cannot be observed for the scan rates applied in our measurements. The particle flux through the interface between polymer and diffusion layer is described by Donnan partition kinetics as treated in Ref. 24 . Due to the flux of electrolyte ions into and out of the polymer layer concentration gradients are built up in the diffusion layer. This effect is included in our model in the boundary conditions at the interface between polymer and diffusion layer. In the bulk electrolyte we assume constant electrolyte concentrations. The reference electrode is placed in the bulk electrolyte.
We now establish a flux equation for each species in the polymer and at both boundaries. Together with Poisson's equation, which holds for electroneutrality within the polymer and at the two boundaries, the time-dependent concentration and potential profiles can be calculated as a function of the linear electrode potential sweep which is applied for recording a CV.
Flux equations in the polymer. -Due to its metallic properties the electron flux density, ｎ ｾ ＠ in the polymer is governed by Ohm's law, i.e.
NP-__ 1_ . iJq> e-p(y) · F ax [2] where p(y) is the oxidation level dependent specific electrical resistance of the polymer, F the Faraday constant, and aq>jax the electrical potential gradient in the polymer (=electrical field). It also includes hopping of electrons between PA chains. Although the redox centers of the PA chains do not move, we can say that an electron flowing from site 1 to site 2 is apparently equivalent to a simultaneous flow of a reduced redox center from site 1 to site 2 and an oxidized redox center from site 2 to site 1. The apparent flux density of the oxidized redox centers Ngx in the polymer layer can then be formulated as [3] and correspondingly the apparent flux density of the reduced redox centers Nfect is Nf.ct = ｎ ｾ ＠ [4] where ｎ ｾ ＠ is given by Eq. 2. The homogeneous reaction rate of the oxidation and reduction of redox sites in the polymer layer can be expressed according to the second Fick's law as dcoxfdt = -aNg,Jax and dc,.ct!dt = -aNfectfax. The flux density ｎ ｾ ＠ of the two electrolyte ions in the polymer layer caused by diffusion and migration is given by
denotes the diffusion coefficient of the electrolyte ions Li+ and Cl04 in the polymer layer, zk the charge of the electrolyte ions, F/RT the Nernst factor, ck the concentration of the electrolyte ions, and ac,Jax the concentration gradient of the electrolyte ions.
Flux equations at the electrode/polymer interface.-For the heterogeneous reaction at the electrode surface (Eq. 1) the forward reaction path has to traverse a forward free energy of activation (ilG [8] ('PE is the electrode potential, a the heterogeneous transfer coefficient, and 'Po the potential in the polymer at the electrode interface, the potentials 'PE and 'Po are vs. the potential in the solution at the reference electrode, which is arbitrarily set to zero). One writes from transition state theory 25 • 26
where k 1 is the forward heterogeneous rate constant of reaction 1, k 8 the Boltzmann constant, and h Planck's constant. Substituting Eq. 6, 7, and 8 into 9 and collecting the expression (k 8 
Consider, now, standard conditions where the interface is at equilibrium with the polymer coating in which C 0 x = Cred (cox and Cred are the concentrations of oxidized and reduced redox centers in the polymer). The electrode potential is then at Ｇ ｐ ｾ ＠ and k
where k 0 is the standard heterogeneous rate constant. At these standard conditions we can write Eq. 10 as
'Po [11] (llG)l\ ｣ ｰ ｾ Ｌ ＠ and ＼ ｰ ｾ Ｇ ＠ are the corresponding values at standard conditions. Equation 10 may be mathematically expanded to
RT [12] Note that the second term of Eq. 12 is canceled out by the fourth term, and ＼ ｰ ｾ ＠ in the last term is canceled out by the third and fifth term. Therefore Eq. 12 is identical with Eq. 10. It can be seen that the first three terms in Eq. 12 correspond to k 0 of Eq. 11. The fourth and fifth term are other constants. Taking into account that the electrode potential E relative to a reference electrode can be expressed byE= <i'E-K (Kis an unknown constant) and accordingly
With the same procedure the backward heterogeneous rate constant kb can be calculated taking into account that the corresponding equation to Eq. 7 and 8 is given by and
This yields for the backward rate constant
[15]
Equations 13 and 16 can now be simplified to
where
Equations 17 and 18 give a modified Butler-Volmer type expression for the heterogeneous reaction including lateral interactions. In a system where an electrode is bathed in a solution and lateral interaction terms are neglected, E* is equal E'' and Eq. 17 and 18 represent the well-known rate expression of such a system with <flo = IR drop. Activity coefficients are neglected in the equations above. The apparent flux density of the oxidized and reduced redox centers for the heterogeneous reaction, ｎ ｾ ［ Ｇ ＠ and ｎ ｾ ｾ ＠ can be expressed as [20] and [21] The corresponding flux densities of the electrolyte ions due to heterogeneous reactions are zero. Because the electron flux density of the heterogeneous reaction N;et is equal to ｎ ｾ ｾ ＠ (according to Eq. 3 and 4), the faradaic current density ifar is given by [22] Flux equations at the polymer/diffusion layer interface.-The boundary condition at the polymer/diffusion layer interface is equivalent to the corresponding boundary conditions in a redox-polymer-coated electrode, and we will follow those expressions. 27 The flux density for the two electrolyte ions anhe polymer/diffusion layer interface on the diffusion layer side, ｎ ｾ ｩ Ｑ Ｌ ＠ can be expressed by [23] where Dk denotes the diffusion coefficient of each of the two electrolyte ions in solution, cj; the concentration of the electrolyte ions in the diffusion layer at the polymer/diffusion layer boundary, and <p+ the potential in the diffusion layer at the polymer/diffusion layer boundary vs. the potential in solution at the reference electrode. An analytical expression for c]; in Eq. 23 which accounts for the Donnan partition equilibrium is given by [24] where Ll<p is the Donnan potential difference, i.e., Ll<p = <p+ -cp-, and Kk denotes the partition coefficient. The derivative ac],ji!x in Eq. 23 which accounts for diffusion and migration of the electrolyte ions in the diffusion layer is given by del;= lim [ cj;(t0) _ cj;(t)
where l)ct denotes the diffusion layer thickness, ｣ ｾ ｵ ｬ ｫ ＠ the concentrations of the electrolyte ions in the bulk electrolyte, t the time, t 0 the initial time t = 0, and DkPP the apparent diffusion coefficient of the electrolyte ions in solution which accounts for diffusion and migration and which can be expressed through the real diffusion coefficients of the electrolyte ions in solution, Dk by Ref. 28 [26] For the unknown i!<p+jax in Eq. 23 we can use additionally the electroneutrality equation over the two electrolyte ions in the diffusion layer at the polymer boundary. The appar- [27] where k represents the oxidized and reduced redox centers as well as both electrolyte ions. E is the permittivity of the polymer layer. This equation holds in the polymer and at its boundaries.
Concentration and potential profiles, faradaic current density.-To get the concentration profiles for the two redox centers, cox and c,ed• and for the two electrolyte ions, ck we have to solve the material balance equations in the polymer layer and the continuity of flux equations at their two boundaries (see Eq. 26-35 of Ref. 27) using the flux expressions 3, 4, and 5 for the polymer layer and the corresponding expressions 20, 21, and 23 at the boundaries. Together with Poisson's Eq. 27 we have the necessary information to solve the time-dependent concentration and potential profiles in response to a linear electrode potential sweep E(t). The faradaic current density is then given by Eq. 22. As an initial condition we state that the change in concentration with time is zero for all species. The evaluated profiles are then a function of the linear potential sweep E(t) and the parameters E*, c*,
0 , 3d, 3P, E, Kk, and p. The parameter c * (=Cox+ cred) is the concentration of redox centers involved in the redox reaction (Eq. 1). It is used for solving the material balance and continuity of flux equations described in Ref. 27 . The system of equations above yields, besides the concentration prof!le, also the potential profile in the polymer including the Donnan potential. We neglect the potential drop in the solution, which has to be added to 'Po in Eq. 17 and 18 in case of a measurable IR drop. We demonstrate this model only for CV, but any kind of E(t) could be used. All experiments where the current density is measured as a response of an electrode potential variation such as chronoamperometry could be analyzed and, with additional inclusion of the double layer capacitance as in Ref. 27 , it could also be used for simulating impedance spectra.
Numerical Solution
The system of partial differential equations given above was solved using the collocation method 29 which is a powerful tool for solving nonlinear stiff systems. This method, which has often been applied in electrochemistry (e.g., Ref. 24 and 30) , is a finite element method where the partial differential equations are transformed into ordinary differential equations using orthogonal polynomials as trial functions. We chose piecewise cubic Hermite polynomials with continuous first derivatives. The time integration was performed by the implicite modified Euler method.
Experimental
The preparation and measurement of the CV is described in more detail by Schlenoff and Chien. 20 The CV of a thin PA film bathed in a 1 M LiCl0 4 /PC solution was measured at various scan rates. The film was prepared on a gold electron microscopy grid. The CVs are steady state which means that subsequent scans with the same scan rate are identical. This indicates that the polymer does not decompose. The CVs are recorded between 2700 and 4200 mV vs.
Li and elemental analysis of larger samples revealed an oxidation level of 0.055 at 4200 mV. Scans to voltages higher than 4200 mV lead to polymer decomposition. Figure 2 shows the experimental (full line) and simulated (dashed line) CV of PA for various scan rates. The parameters used for the simulation are given in Table I Fig. 3 and is equivalent for all measured scan rates. The standard heterogeneous rate constant k 0 was optimized with respect to a best fit and is listed in Table I .
Results

Discussion
The agreement between calculated and measured CV of PA (Fig. 2) is very good. It can be seen for the calculated and measured CVs that the peak separation approaches a quasi-reversible value Ａ ｬ ｅ ｾ Ｇ ＠ of 344 mV. As discussed in Ref. 20 there is a measured background current resulting from reactions of propylene carbonate (PC) which may explain the modeling inconsistencies at the anodic edge of the CV. The intensity of this underlying CV of PC is increased in the presence of a PA film due to a higher surface for reaction.
The fitted polymer layer thickness 3P of 1.68 · 10-5 em represents a very thin film where the influence of the un- Table I compensated ohmic resistance on the CV is negligible. CVs of PA with a !)P on the order of 10-2 em are completely governed by the ohmic resistance and only an anodic ramp instead of a peak can be observed followed by a very broad cathodic peak on reversal (e.g., Ref. 45, 46, 20, 22) .
Concerning the diffusion coefficients of the electrolyte ions in the polymer layer Dg, the CV is not sensitive to these parameters if they remain within these orders of magnitude. This means that the kinetics of the CV are governed by the heterogeneous reaction. The CV cannot predict which one of the two electrolyte diffusion coefficients in the polymer is larger. Measurements with the quartz crystal microbalance, 47 atomic absorption and XPS, 48 and SIMS 49 in polypyrrole and poly-3-methylthiophene indicate that Li+ is much more mobile in the polymer than Cl04. Not considered in our model is intrafibrillar diffusion, whose coefficients are some orders of magnitude lower than the interfibrillar coefficients. 35 · 38 ' 50 · 51 The fitted standard heterogeneous rate constant k 0 of 2.0 · 10-6 cmjs (Table I) is in agreement with a published value of 2.5 · 10-6 cm/s for PA in LiBF 4 /sulfolane solution. 40 As anticipated this k 0 value in conducting polymers is much smaller than the values of k 0 for systems where the electrode is bathed in a solution of redox active ions (see, e.g., Ref. 52) .
The curve in Fig. 3 shows the variation of E* as a function of the oxidation level. As shown in Eq. 19, E* is the lateral interaction corrected standard potential. Lateral interaction and standard potential cannot be observed separately, but only as one single observable factor. E* exhibits a hysteresis in that the cathodic and anodic branches are not identical. This hysteresis behavior is reflected in the CV by a nonzero quasi-reversible peak separation, D.E;fr. Following Laviron/· 13 hysteresis in polymer-coated electrodes can be explained by S-shaped Frumkin-type adsorption isotherms caused by strong concentration-dependent lateral interactions. 14 Feldberg and Rubinstein 12 concluded that in case of hysteresis the lateral interaction free energy curve in CVs is N-shaped which implies that E* is Nshaped, too. They argued that where the slope of an Nshaped free energy curve is negative the system is kinetically unstable, and the experiment follows a curve according to the full line in Fig. 3 rather than the thermodynamic N-shaped curve (dotted line in Fig. 3) . These authors12 gave a nice demonstration of anN-shaped free energy curve in the case of an elastic membrane. It may be noted that the Frumkin adsorption isotherm describes adsorbed particles and not polymer-coated electrodes. As long as the interactions of redox centers in conducting polymers are so poorly understood the curve in Fig. 3 should be regarded as an empirical curve. Hysteresis in conducting polymers can also be confirmed with impedance spectroscopy. In Ref. 53 and 46 the impedance spectrum was measured at various potentials simultaneously during a CV scan. It could be observed that the potential-dependent impedance plane plots are different for anodic and cathodic scans.
Although much research on PA exists, few attempts have been made to account for this interesting hysteresis effect which is also observed in elasticity and electromagnetism, and which cannot be understood from thermodynamics alone. In electrochemistry this effect can be interpreted using lateral interactions. This indicates that one-dimensional models in electrochemistry are not appropriate even in ideal cases of experimental conditions. The necessity of more dimensional considerations in "one-dimensional" systems is also well known as distributed elements in impedance spectroscopy. 54
The standard potential part E' 1 of E* (Eq. 19) may be worth some discussion. It was pointed out by Heinze et al. 11 that the standard potential depends on the oxidation level y and may increase with increasing y due to the formation of bipolarons. From the quantum mechanical point of view, simple MO considerations predict that standard potentials of a succeedingly oxidized PA chain are never equal, even if the chain is assumed to have the highest symmetry. Experimental data of defined oligomers 55 ' 56 support these theoretical predictions. An estimation of the oxidation level dependent standard potential can be given by band structure calculations 57 • 58 which predicts a cosine shape of the potential dependence upon oxidation level y. The energy bandwidth for a full oxidation up toy= 1 is expected to be on the order of magnitude of a few electron volts. 59 For a measured y of 0.055 the bandwidth would then be about 10-3 eV and the corresponding observed potential increase of 1 mV would not be observable in CVs. It may be noted that theoretical treatments of electronic states of polymer chains, i.e., the formation of polarons and bipolarons is not well understood 3 and the question to what extent E' 1 depends the oxidation is still a field ripe for future investigation.
Any solvent effects and volume changes during CV have been neglected in our model, as well as effects caused by slow intrafibrillar diffusion coefficients. We believe that these effects have a minor influence on our fitted parameters. But from the point of view of basic understanding it would be interesting to analyze these effects.
Conclusions
The measured CV of PA could be simulated for various scan rates. Modified Butler-Volmer-type heterogeneous kinetics which account for lateral interaction were developed to explain the hysteresis phenomenon. Ala teral interaction corrected standard potential E *could be fitted (Fig. 3) . The simulation yielded a standard heterogeneous rate constant 19) peak separation between anodic and cathodic peak in the quasi-reversible case Faraday constant lateral interaction free energy change of heterogeneous reaction lateral interaction free energy change of heterogeneous reaction at standard conditions electrical free energy change of heterogeneous reaction forward free energy of activation forward chemical free energy of activation forward electrical free energy of activation forward lateral interaction free energy of activation backward electrical free energy of activation backward lateral interaction free energy of activation Planck's constant faradaic current density species index standard heterogeneous rate constant forward heterogeneous rate constant backward heterogeneous rate constant Boltzmann constant electron flux density in polymer layer flux density of electrolyte ions in polymer layer apparent flux density of oxidized redox centers in polymer layer apparent flux density of reduced redox centers in polymer layer electron flux density of the heterogeneous reaction apparent flux density of oxidized redox centers in polymer layer apparent flux density of reduced redox centers in polymer layer flux density of electrolyte ions at the polymer/ diffusion layer interface due to diffusion and migration degree of polymerization gas constant absolute temperature distance from electrode oxidation level charge of species k transfer coefficient of the heterogeneous kinetics diffusion layer thickness polymer layer thickness permittivity of the polymer layer partition coefficient specific electrical resistance in polymer depending on oxidation level potential (vs. potential in the solution at the reference electrode) potential in the polymer at the electrode/polymer interface (vs. potential in the solution at the reference electrode) potential in the polymer at the electrode/polymer interface at standard conditions (vs. potential in the solution at the reference electrode) Donnan potential difference (=q/ -'P -) potential in the diffusion layer at the polymer/diffusion layer interface (vs. potential in the solution at the reference electrode) potential in the polymer layer at the polymer/diffusion layer interface (vs. potential in the solution at the reference electrode) electrode potential (vs. potential in the solution at the reference electrode) electrode potential at standard conditions (vs. potential in the solution at the reference electrode)
